T he importance of adequate remodeling of pre-existing arterial interconnections to form endogenous collateral bypasses-that is, arteriogenesis-is highlighted by the extensive link between adequate collateral development and improved outcomes in patients with arterial occlusive disease. 1,2 However, few clinical trials designed to therapeutically stimulate collateral development have proven successful. [3] [4] [5] [6] This is likely related to the fact that these interventions do not necessarily recapitulate the complex sequence of processes that must be coordinated to achieve functional collateral development. 1, 7, 8 These clinical results have led to a re-examination of the basic mechanisms underlying collateral remodeling in the hope of identifying central signaling pathways for better therapeutic development.
stress determine maximal collateral outgrowth. Collateral artery growth is hypothesized to eventually resolve as the increased outward remodeling reduces shear stress magnitude to a homeostatic set point. 17 Nonetheless, the topological arrangement of collateral arteries in skeletal muscle also dictates that shear stress will vary on a segment-to-segment basis along any given collateral pathway after the occlusion of a major artery. Recently, we applied transillumination-based laser speckle flowmetry (LSF) to quantify, for the first time, the in vivo segment-tosegment spatial distribution of collateral artery hemodynamics before and after femoral artery ligation (FAL) in the mouse ischemic hindlimb, the most widely used model of peripheral arteriogenesis. Although shear stress magnitude increased ≈2fold along the length of the collateral vessels in the gracilis adductor muscle, some pre-existing collateral artery segments also experienced reversed flow direction after FAL. 18 In this study, we tested the hypothesis that a change in flow direction has a profound influence on both arteriogenesis and mechanotransductive endothelial cell signaling.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Planar Polarization Confirms Endothelial Cell Responsiveness to Predicted Flow Directions
FAL, performed as previously described, 18 was used to induce arteriogenesis in the gracilis adductor muscle collateral arteries. In agreement with previous studies, 19, 20 perfusion measurements of the plantar surface of the foot indicated moderate ischemia immediately post-FAL, followed by a return to full perfusion by day 7 post-FAL ( Figure I in the online-only Data Supplement). The position of the ligation along the femoral artery was chosen to yield a change in blood flow direction and magnitude along the length of the 2 collateral arteries in this muscle. Pre-ligation, blood flows toward a convergence point in the center of the gracilis muscle via the muscular branch artery (also known as the lateral caudal femoral artery) and via the saphenous artery ( Figure 1A ). FAL causes a decrease in downstream pressure, resulting in increased flow through the gracilis collaterals and reversed flow direction in those collateral segments near the saphenous artery ( Figure 1A ). Using transillumination LSF, we recently determined that shear stress magnitude increases 2-fold in both the muscular and saphenous collateral entrance regions 30 minutes post-FAL. In addition, we confirmed the predicted flow directions in this ligation scheme through observation of circulating fluorescent microspheres during intravital imaging. 18 To further confirm endothelial cell responsiveness to the change in flow direction, we characterized endothelial planar cell polarization (PCP) in the gracilis collateral arteries by examination of the perinuclear position of the Golgi apparatus with respect to predicted flow direction both pre-FAL and 24 hours post-FAL ( Figure 1B-1E ). At baseline, endothelial cells at the collateral entrance regions were primarily polarized toward their respective upstream directions ( Figure 1B  and 1D ), whereas the central regions of the gracilis collateral arteries showed no significant polarization. By 24 hours post-FAL, however, most of the endothelial cells in both the central and saphenous entrance regions repolarized toward the muscular branch artery, instead of the saphenous artery ( Figure 1B and 1E).
Arteriogenesis Is Enhanced in Collateral Artery Segments Exposed to Reversed Flow After FAL
To determine if reversed flow direction affects arteriogenesis, we measured lumenal collateral diameter in the muscular branch and saphenous artery entrance regions, using vascular casting (Figure 2A ). After 24 hours, neither region demonstrated significant lumenal expansion compared with the unligated control limb. By day 3, however, both the saphenous (reversed) and muscular (nonreversed) regions underwent significant (P<0.001 and P=0.04, respectively) lumenal expansion compared with unligated controls (58.8±8.5% and 19.9±4.7% increases, respectively). Furthermore, the saphenous (ie, flow reversed) segment began to exhibit a significant (P=0.004) enhancement in lumenal diameter when compared with the nonreversed muscular branch. Lumenal diameter in both reversed and nonreversed regions increased further by day 7 post ligation (93.7±9.1 μm and 70.7±6.1 μm within saphenous and muscular branch regions, respectively), but thereafter remained constant through 12 weeks post-FAL (91.6±3.3 μm and 75.2±5.2 μm). At both 1 and 12 weeks post-FAL, lumenal diameter was significantly greater in the flow-reversed saphenous region when compared with the nonreversed muscular branch region (P=0.01; Figure 2B ). The time course of arteriogenesis matched well with the laser Doppler reperfusion measurements ( Figure I in the online-only Data Supplement), where resting foot perfusion returned to baseline around 5 days post ligation, with no further increases in reperfusion.
Cross-sectional analysis of the collateral artery entrance regions was used to confirm whole-mount diameter measurements and determine whether wall mass was also increased in flow-reversed segments ( Figure 2C ). Both reversed and nonreversed regions showed significantly increased lumenal diameter, wall area, and wall thickness versus their respective unligated controls at 7 days post-FAL ( Figure 2C-2F ). In confirmation of the whole-mount vascular cast analysis, we observed an enhancement of lumenal diameter in the flowreversed saphenous region (36.7±2.3% versus nonreversed muscular region, P<0.01) at day 7. Wall area in the flowreversed region was also significantly increased at day 7 when compared with the nonreversed region (47.9±5.8%, P<0.05). These significant increases in lumenal diameter and wall area in flow-reversed regions were maintained ≤12 weeks after FAL ( Figure 2D-2E) . 
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FAL Does Not Elicit Regional Differences in Hypoxia in Gracilis Adductor Muscles
We next examined whether hypoxia in the gracilis adductor muscle could be contributing to the observed spatial differences in arteriogenesis between the flow reversed and the nonreversed regions. Twenty-four hours post-FAL, we observed no regional differences in gracilis muscle hypoxia as determined by pimonidazole-HCl immunolabeling ( Figure 
Enhanced Arteriogenesis in Flow-Reversed Segments Occurs Independent of Position
To verify that enhanced arteriogenesis in response to reversed flow can occur in other collateral regions, we used a muscular branch ligation scheme that creates reversed flow in the muscular branch collateral region, instead of in the saphenous region ( Figure 
HUVECs Exhibit Directional Responsiveness to Simulated FAL
To investigate the influence of FAL-elicited hemodynamic changes on EC signaling, human umbilical vein endothelial cells (HUVECs) were exposed to biomimetic changes in relative shear stress magnitude or direction, as previously determined by transillumination LSF 18 ( Figure 3A) . A value of 15 dynes/cm 2 shear stress was chosen as a baseline shear stress. 21 Preconditioning for 24 hours at this baseline shear stress was used to establish endothelial cell alignment and PCP, thereby mimicking the in vivo baseline state. FAL was then simulated by a step-wise 100% increase in shear stress, in either the same direction or the opposite direction, to mimic shear stress changes occurring in the muscular branch (nonreversed) and saphenous artery (reversed) entrance regions, respectively ( Figure 3A ). Consistent with in vivo observations, HUVECs aligned with the flow direction and showed an upstream polarization of the Golgi apparatus with respect to the nucleus in control plates maintained at 15 dynes/cm 2 . Upstream polarization was maintained (at 2 hours) or enhanced (at 6 hours) with a nonreversed, step-wise increase in shear stress ( Figure 
Reversed Flow Broadly Enhances the Arteriogenic Transcriptional Profile
To then comprehensively determine how a change shear stress magnitude, coupled with a change in flow direction, activates proarteriogenic endothelial cell mechanosignaling pathways, we performed genome-wide, microarray transcriptional analysis on HUVECs exposed to the simulated FAL (FAL) shear stress protocol ( Figure 3A ). The 6 hours post-FAL time point was chosen because PCP reorientation is complete and robust transcriptional changes in response to a step-wise shear stress increase have been previously reported. 22 Using a false discovery rate (FDR) for significance of <0.10 obtained through the Robust Multiarray Average algorithm, HUVECs exposed to a flow direction reversal showed an ≈10-fold greater number of transcripts (reversed versus control; Table IIIA in the onlineonly Data Supplement) compared with HUVECS exposed to increased shear stress magnitude only (nonreversed versus control; Table IIIB in the online-only Data Supplement; Figure 3B ). Although reversed flow induced significant changes in more transcripts, the genes altered by a shear stress increase alone (nonreversed versus control) demonstrated a similar expression pattern as those also exposed to reversed shear stress direction (reversed versus control). When the expression of the 537 genes with FDR<0.1 (in nonreversed versus control and reversed versus control comparisons) was compared in both nonreversed versus control and reversed versus control groups, 97.4% were altered in the same expression direction; that is, genes that were upregulated in reversed conditions were also upregulated in nonreversed conditions and vice versa ( Figure 3C ). Interestingly, within this overlap, 93.9% of genes were altered to a greater degree in the reversed condition than in the nonreversed condition ( Figure 3C ). Of the 2.6% of genes exhibiting regulation in opposing directions between reversed and nonreversed conditions, all had a fold change <0.1 and an FDR>0.88 in the nonreversed group. With the changes of expression occurring in similar directions from the control state, there were no significant differences between reversed and nonreversed expression levels with an FDR<0.20. An a priori selection of 7 genes was used to validate the microarray results through quantitative real-time polymerase chain reaction (RT-PCR; Table 1 ). All genes showed similar expression patterns and significance between microarray and (Table S3A ). Similar patterns of activation were observed between the conditions, but to a greater degree in the reversed flow condition.
RT-PCR measurements. However, the increased sensitivity of RT-PCR yielded significant differences between reversed and nonreversed conditions for intercellular adhesion molecule 1 (ICAM-1), endothelial nitric oxide synthase (eNOS), and KLF2, all of which are known to play key roles in arteriogenesis 19, 23, 24 and are established as being sensitive to arterial levels of shear stress. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Initial assessment of activated molecular functions was conducted through gene ontology analysis 37 to assess overrepresentation of molecular pathways. The 500 most significantly regulated genes based on P value ranking for increased shear stress, with and without reversed flow, when compared with control were used to investigate the broad functional processes involved in both conditions ( Table I in 
NFκB as a Predicted Upstream Regulator of Gene Expression Patterns in Flow-Reversed Conditions
Additional function annotation, clustering, and analysis of predicted upstream regulators were performed with the Ingenuity Pathways Analysis software. Analysis of predicted upstream transcriptional regulators for all genes with FDR<0.1 identified many of the known signaling pathways involved in arteriogenesis including activation of the NFκB pathway [38] [39] [40] (Table 2) as well as growth factors (eg, vascular endothelial growth factor, 41,42 HGF, 43, 44 transforming growth factor-β, 45 and fibroblast growth factor-2 46, 47 ), mitogen-activated protein kinase signaling, 16, 48, 49 and PI3K signaling 50 (Table IIA in the  online-only Data Supplement) . Across all of these signaling pathways and upstream regulators, a clear activation was only apparent under the reversed direction condition.
Further clustering of expression changes of all genes with FDR<0.1 along canonical pathways showed activation of several key pathways known to be involved in arteriogenesis, including cGMP signaling, 19, 51 protein kinase A signaling, 52, 53 mitogen-activated protein kinase signaling, 16, 48, 49 and cell-cell junction signaling 54, 55 (Figure 3D-3G ; Table IIB in the onlineonly Data Supplement). HUVECs exposed to a flow reversal showed much stronger activation of these canonical pathways versus those exposed to nonreversed conditions ( Table IIB in the online-only Data Supplement).
Amplified Arteriogenesis in Flow-Reversed Collateral Depends on ICAM-1
One pathway of particular interest from our Ingenuity Pathway Analysis of upstream regulators (Table 2) was the NFκB-ICAM-1 pathway. NFκB is a mechanosensitive transcription factor that regulates arteriogenesis 40,56 through ICAM-1-dependent 26,57 monocyte/macrophage recruitment. 23 To further investigate the NFκB-ICAM-1 pathway, we confirmed increased NFκB activity in HUVECs 1 hour after exposure to our in vitro FAL, using a luciferase reporter assay ( Figure 4A ). Moreover, ICAM-1 mRNA expression was already shown to be increased (35%) under reversed flow conditions as determined from our a priori RT-PCR screen of known proarteriogenic genes (Table 1; Figure 4B ). Western blotting confirmed its upregulation (38.5%) at the protein level 6 hours after simulated FAL ( Figure 4C ). In addition, reversed flow led to increased proarteriogenic function in vitro as determined by increased monocyte adhesion to flow-conditioned HUVECs ( Figure 4D-4F ). Furthermore, using an siRNA knockdown of ICAM-1, this increase in monocyte adhesion was found to be ICAM-1 dependent ( Figure 4D-4F ). We also determined there was over a 2-fold increase in pericollateral Mac3 + macrophages 3 days post-FAL in collateral segments of C57BL/6 mice that experienced reversed flow (6.53±1.00 and 3.12±0.47 cells in reversed and nonreversed pericollateral regions, respectively), as seen in Figure 5A and 5B. This increase in pericollateral macrophage density was attenuated in flow-reversed segments of ICAM-1 −/− mice as there was no significant difference in reversed versus nonreversed collateral segments (2.33±0.44 and 1.67±0.31 cells in reversed and nonreversed pericollateral regions, respectively; P=0.34; Figure 5A and 5B). On the basis of these findings, we next tested whether ICAM-1 was necessary for amplified arteriogenesis in flowreversed collateral segments in vivo by applying FAL to ICAM-1 −/− mice. There were no significant differences between ICAM-1 null mice and wild-type (WT) in diameters of collateral segments in unligated limbs. The muscular, nonreversed collateral segments in ICAM-1 −/− mice were not significantly different than those in WT mice (P=0.11). However, deletion of ICAM-1 reduced the amplified collateral growth that occurs in collateral segments of WT mice exposed to a flow reversal (P=0.017). Importantly, in these ICAM-1 −/− mice, we also observed no significant differences in diameter between reversing and nonreversing collateral segments at 14 days post-FAL (66.5±5.95 and 61.2±6.05, respectively; P=0.48). Therefore, the amplified arteriogenesis that occurs in flow-reversed segments of WT mice (1.24±0.12-fold change, reversed versus nonreversed) is attenuated in ICAM-1 null mice (1.08±0.14 fold change, reversed versus nonreversed), demonstrating that ICAM-1 is necessary for the amplified response in segments exposed to a reversal in flow direction ( Figure 5C and 5D ).
Our transcriptional profiling data and a priori RT-PCR screen also suggested a potential role for the KLF2/eNOS pathway. We first determined that KLF2 and eNOS mRNA expression were enhanced by 33% and 83%, respectively, in HUVECs exposed to FAL-simulated reversed flow ( Figure VIA and VIB in the online-only Data Supplement). Phosphorylated (S1177) eNOS protein expression was also increased under reversed flow conditions ( Figure VIC in the online-only Data Supplement). To then test whether eNOS was required for amplified arteriogenesis in flow-reversed collateral segments invivo, we applied FAL to eNOS −/− mice. When all regional measurements of collateral growth are binned together, we observe a 17% decrease in arteriogenesis in eNOS −/− mice compared with WT (eNOS −/− : 67.67±3.38 μm; C57BL/6: Table 2 Figure VIF in the online-only Data Supplement). However, when each region was normalized to its respective unligated control, amplified lumenal growth in flow-reversed segments was maintained in eNOS −/− mice, indicating that this enhanced remodeling response is independent of eNOS ( Figure VIG in the online-only Data Supplement).
. NFκB Is a Predicted Upstream Regulator of Gene Expression Patterns Seen With Flow-Reversed Increased Shear Stress
Discussion
We report here a comprehensive, genome-wide, and direct mapping of mechanotransductive endothelial cell signaling pathway activation to a uniquely amplified and sustained in vivo arteriogenesis response. We first used endothelial PCP as a marker to confirm endothelial cell responsiveness to the change in flow direction in the gracilis adductor collateral arteries after FAL (Figure 1 ). We then determined that collateral artery segments that are exposed to both an increase in shear stress magnitude and reversed flow direction exhibit markedly amplified arteriogenesis when compared with collateral artery segments exposed to increased shear stress magnitude alone (Figure 2 ). Genome-wide transcriptional profiling of HUVECs exposed to a biomimetic reversed-flow+increased shear stress magnitude waveform yielded a ≈10-fold increase in significantly regulated transcripts when compared with HUVECs exposed to increased shear stress alone. Indeed, this stimulus acts as a broad amplifier of transcriptional activation (Figure 3) , including a set of potent arteriogenesis regulators (eNOS, ICAM-1, and KLF2) that were then confirmed by RT-PCR (Table 1 ). Furthermore, ingenuity pathways analysis indicated activation of many important canonical arteriogenesis pathways and upstream regulators, notably NFκB (Figure 4 ; Table 2 ). After confirming that the NFκB-ICAM-1 pathway was activated in HUVECs exposed to reversed flow, we showed the increased monocyte adhesion to HUVECs exposed to reversed flow was abrogated by knockdown of ICAM-1 (Figure 4 ). Finally, we demonstrated that enhanced pericollateral Mac3 + macrophage density and amplified arteriogenesis in flow-reversed collateral segments of WT mice was attenuated in ICAM-1 −/− mice, indicating that this amplified arteriogenic response is ICAM-1 dependent ( Figure 5 ).
Reversed Flow as an Independent Stimulus Leading to Amplified Arteriogenesis
Our ability to link amplified arteriogenesis to a unique hemodynamic stimulus (ie, reversed flow with increase shear stress magnitude) was facilitated by the development of a LSF approach for mouse hindlimb collaterals. 18 We developed that approach because, despite the known importance of hemodynamic stimuli in driving collateral development, there was a surprising lack of quantitative data on the hemodynamic changes within these arteries. This is likely because both the small size of the arteries (<100 μm) and the fact that different surgical models elicit arteriogenesis along different collateral pathways. 2 Using LSF, 18 we determined the occurrence of at least 3 distinct hemodynamic conditions in these collateral vessels: a nonreversed increase in shear stress near the feeding entrance to the collateral loop, an increase in shear stress from low/oscillating flow to sustained high shear stress at the central anastomotic region, and an increase in shear stress but in a reversed direction at the downstream outlet back into the occluded arterial tree. In this study, we only considered the 2 entrance regions because they experience the same step increase in relative shear stress magnitude after FAL, thereby permitting isolation of the influence of reversed flow.
Nonetheless, we also had to consider that hypoxia in flow-reversed regions could be contributing to amplified arteriogenesis. Indeed, previous studies using saphenous artery excision models that elicit severe ischemia have suggested a role for hypoxia and metabolic signaling in the arteriogenic response 58, 59 and observed spatial differences in capillary density in the adductor muscles as a marker of ischemic response. 60 Thus, we examined the potential role of hypoxia in eliciting spatial differences in arteriogenesis between the flowreversed and nonreversed regions. In our study, pimonidazole-HCl immunolabeling revealed no signs of regional differences in hypoxia at 24 hours post-FAL ( Figure IIA -IIC in the onlineonly Data Supplement). Consistent with previous findings for the gracilis muscle using a similar, milder (ie, far less ischemic) FAL scheme, 61 there was no evidence of angiogenesis in either the muscular branch or saphenous artery regions ( Figure  IIF in the online-only Data Supplement). As another indirect measure of tissue ischemia, muscle fiber size in the gracilis muscle showed no evidence of atrophy in either the muscular branch or the saphenous artery regions ( Figure IIE in the online-only Data Supplement). Thus, our results are consistent with previous studies using similar hindlimb models, in which arteriogenesis proceeds independent of a hypoxic stimulus. [61] [62] [63] In addition, to confirm that reversed flow can elicit amplified arteriogenesis independent of longitudinal position along a given collateral, we used the muscular branch ligation model to induce reversed flow direction in the muscular branch entrance region, instead of in the saphenous region ( Figure  III in the online-only Data Supplement). With this ligation scheme, we observed both endothelial cell repolarization and amplified arteriogenesis in the muscular branch region of the collaterals, thereby establishing that this amplified arteriogenesis response is indeed not unique to the saphenous collateral region. In all, we conclude that reversed flow direction is a novel, independent stimulus for arteriogenesis.
Endothelial Cell Sensing of Shear Stress Magnitude and Reversed Direction
One motivation for this study is that the endothelial response to increased shear stress from a preconditioned baseline state is not well studied. In perhaps the most closely related study, a nearly 20× reduction in the number of genes that are sensitive to a step-wise increase in shear stress from a preconditioned baseline was observed when compared with a step change from static conditions (ie, 86 versus 1838). 22 Our data match this previous study well, as only 48 genes were significantly altered (FDR<0.1) at 6 hours after a nonreversed 100% step increase in shear stress. This implies that gene expression changes induced by the application of laminar shear stress from static culture are not wholly predictive of gene expression changes occurring in the more physiological scenario of a step increase in shear stress from a nonzero baseline. 22 Studies incorporating nonreciprocating directional flow changes indicate that shear stress reversal from baseline has a disproportionate impact on responses such as permeability, 64 which is a hallmark in the initiation of arteriogenesis 8 and intracellular calcium. 65 Because preconditioned, flowadapted endothelial cells align with flow direction and incline their cell-cell junctions to reduced tension, they experience a dramatic increase in cell-cell tension when suddenly faced with reversed flow. This leads to a disproportionate response in endothelial cell signaling. 65 Interestingly, a step change in shear stress magnitude from a preconditioned level of 15 dyne/ cm 2 to a low level of 2.5 dynes/cm 2 with reversed flow direction elicits a disproportionately larger transcriptional response (of a similar pattern) than a step increase in shear stress (+10 dynes/cm 2 ) in the same direction. 66 Our data demonstrate that adding reversed flow to a 2× increase in shear stress magnitude elicits a 10-fold increase in transcriptional activation. Moreover, in addition to broadly modulating the endothelial shear stress response, a change in flow direction relative to an endothelial cell's morphological and cytoskeletal axes can stimulate activation of distinct pathways. 67 Together, these data suggest that EC responsiveness to altered shear stress is highly dependent on initial conditions. For the specific case of shear signaling for arteriogenesis, consideration of the initial hemodynamic conditions across a given collateral network is especially significant.
Endothelial Cell Repolarization and Signaling for Amplified Arteriogenesis
In this study, endothelial PCP was used simply as a marker of endothelial cell responsiveness to a change in flow direction. To date, there has been no direct functional link between endothelial planar (re)polarization and arteriogenesis; however, our results offer an opportunity to explore this linkage. Indeed many molecular pathways that are activated by reversed flow in our study, such as small GTPase signaling ( Figure V in the online-only Data Supplement) and ICAM-1 (Figure 4) , regulate both PCP [68] [69] [70] [71] and arteriogenesis, 16, 23, 72 raising the hypothesis that endothelial cell polarization may play a significant role in collateral artery remodeling. However, the functional consequence(s) of endothelial cell repolarization remains to be determined and future work could investigate the mechanistic role(s) of endothelial planar polarization in arteriogenesis.
Complex Role of eNOS Signaling in Arteriogenesis
Our transcriptional profiling and quantitative RT-PCR studies led us to hypothesize that ICAM-1 and eNOS are important regulators of amplified arteriogenesis in flow-reversed collaterals. Here, we demonstrated ICAM-1 is necessary for enhanced monocyte/macrophage recruitment and augmented arteriogenesis in flow-reversed collateral segments. Together, these results are consistent with the previously demonstrated vital role for ICAM-1 in arteriogenesis through its regulation of monocyte/macrophage recruitment. 23 Although our ICAM-1 −/− studies show attenuation of this amplified arteriogenic response, our eNOS −/− studies do not. The role of eNOS and NO in arteriogenesis is fairly well studied, yet still difficult to interpret. Although eNOS and NO regulate arteriogenesis in more severe excision hindlimb models 73, 74 and in training models, 75 no significant defects in arteriogenesis were reported for eNOS −/− mice 3 weeks after induction of a less ischemic femoral ligation model. 76 For our data set, if lumenal diameters at either end of the collateral are averaged, we observed a moderate decrease in arteriogenesis in eNOS −/− mice compared with WT. Given that eNOS can affect the baseline network configuration and maintenance, 19 we normalized the diameters of the ligated muscular branch and saphenous regions to their respective unligated controls ( Figure VIG in the online-only Data Supplement). Using this analysis, we observe that the enhanced arteriogenesis caused by reversed flow is eNOS independent potentially because of the ability to compensate for the loss of eNOS with other NOS subtypes.
Implications for Understanding Shear Stress Set Point
Finally, our results may have important implications for our understanding of the so-called homeostatic set point for constant shear stress in the arterial circulation. In 1926, Murray 17 put forth his principle of minimum work, a consequence of which is that shear stress is maintained at a relatively constant level throughout the arterial vasculature. In support of this concept, there seems to be a homeostatic wall shear stress magnitude (ie, set point), at which endothelial cells become quiescent and vessels maintain a steady state lumenal diameter. 77 Little is known, however, about how this set point is achieved or maintained at the molecular signaling level. In our FAL model, if we assume Poiseuille flow, apply mass conservation, and consider that the lumenal diameter at the distal end (ie, saphenous region) of the collateral is 22% greater than the lumenal diameter in the proximal end (ie, muscular branch region) at 12 weeks post-FAL ( Figure 2B ), we estimate that the new steady state shear stress in the saphenous region is reduced by at least 45% from pre-FAL levels. Thus, in essence, the reversed flow stimulus effectively resets the set point for constant shear stress. We posit that further examination of this response could uncover molecular regulators of the shear stress set point and provide clues for generating sustained therapeutic arteriogenic responses via set-point adjustment(s).
